Yeast mitochondria were fractionated into inner membrane, outer membrane, matrix, and intermembrane space. Identity and purity of each fraction were monitored by enzyme assays, dodecyl sulfate-polyacrylamide gel electrophoresis, and immunological detection of characteristic mitochondrial polypeptides. Cytochrome bz and cytochrome c peroxidase were found to be components of the intermembrane space. The most reliable marker of the outer membrane was a major 29,000-dalton polypeptide component. The availability of submitochondrial fractions provides a basis for studying import of precursor polypeptides into isolated yeast mitochondria.
Isolated yeast mitochondria can take up
in vitro synthesized mitochondrial precursor polypeptides by a process that is independent of protein synthesis, dependent on energy, and usually accompanied by the proteolytic "maturation" of the precursors (1-3). Up to now, however, uptake of precursors into mitochondria has only been inferred from the facts that the radiolabeled polypeptides became associated with mitochondria and were rendered inaccessible to externally added proteases (I, 2). If this in vitro system indeed reflects mitochondrial protein import as it occurs in living cells, different mitochondrial precursor polypeptides should be transported to their correct intramitochondrial location. This could not be verified previously because a suitable procedure for subfractionating yeast mitochondria into distinct compartments was not available. This paper describes a procedure for subfractionating yeast mitochondria into their four major compartments: matrix, inner membrane, intermembrane space, and outer membrane. While the yeast mitochondrial outer membrane (4, 5) and yeast mitoplasts (6) have been isolated before, comprehensive subfractionation of yeast mitochondria has not been reported. In particular, little information exists on the components of the yeast mitochondrial intermembrane space. With mammalian mitochondria, the components of this space can be selectively released by digitonin ( 7 , 8) ; with yeast mitochondria, however, this detergent causes an almost parallel release of enzymes from the matrix, as well as the intermembrane space at any digitonin concentration tested.' * This study was supported by Grants 3.172.77 and 3.606.80 from the Swiss National Science Foundation. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "aduertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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The procedure presented in this paper takes advantage of a controlled osmotic shock to selectively release intermembrane space compartments. The ease and specificity of this key step suggest that it might also be applicable to mitochondria from other yeasts and fungi. The subsequent separation of inner and outer membranes is very similar to that developed previously for mitochondria from Neurospora crassa (9) .
AS outlined in the accompanying paper (3), the procedure described here has allowed a more detailed study of protein import into mitochondria, particularly into the intermembrane space.
MATERIALS AND METHODS
Yeast Strain and Culture Conditions-The wild type S. cereuisiae strain D 273-10B (a; ATCC 25657) was grown aerobically on a medium containing per liter: 3 g of yeast extract (Difco), 1 g of glucose, 1 g of KHzP04, 1 g of NHdC1, 0.5 g of CaCL.2Ha0, 0.5 g of NaC1, 0.6 g of MgS04.H20, 0.3 ml of 1% FeCL, and 22 ml of 90% lactic acid. The final pH was adjusted to 5.5 with KOH. Cells were grown to the early logarithmic phase (120-130 Klett units). The yield was approximately 3 g (wet weight)/liter.
Preparation of Yeast Mitochondria-Cells were harvested by centrifugation (5 min at 3,000 X g), washed once with distilled water, suspended to 0.5 g, wet weight/ml in 0.1 M Tris.SO,, pH 9.4, 10 mM dithiothreitol, and incubated for 10 min a t 30 "C. They were then washed once with 1.2 M sorbitol and suspended in 1.2 M sorbitol, 20 mM KP,, pH 7.4, to give 0.15 g of cell, wet weight/ml. Zymolyase 5000 (5 mg/g of cell, wet weight) was added and the suspension was incubated a t 30 "C with gentle shaking. Conversion to spheroplasts was checked as described (10). After 50-60 min, all the cells had usually been converted to spheroplasts. Spheroplasts were harvested by centrifugation for 5 min a t 3000 rpm in a Sorvall GS-3 rotor at room temperature and washed twice with 1.2 M sorbitol. For homogenization, spheroplasts were suspended in 0.6 M mannitol, 10 mM Tris-C1, pH 7.4, 0.1% bovine serum albumin, 1 mM phenylmethylsulfonyl fluoride to a concentration of 0.15 g of spheroplasts (wet weight)/ml. After chilling on ice, spheroplasts were homogenized by 10-15 strokes in a tight-fitting Dounce homogenizer. From this point on, all operations were carried out at 0-4 "C. All subsequent centrifugations were carried out in a Sorvall SS-34 rotor a t 2 "C.
The homogenate was diluted with 1 volume of the homogenization buffer and centrifuged for 5 min a t 3500 rpm. The supernatant was saved, and the pellet was rehomogenized as before and recentrifuged a t 3500 rpm. The supernatants were combined and crude mitochondria were sedimented at 9000 rpm for 10 min. The pellet was carefully resuspended in the homogenization buffer and the suspension was centrifuged for 5 min at 3500 rpm to remove residual cell debris. The supernatant was saved and centrifuged a t 9OOO rpm for 10 min. The mitochondrial pellet was washed twice by resuspension and recer,trifugation at 9OOO rpm for 10 min; for the last wash, bovine serum albumin and phenylmethylsulfonyl fluoride were omitted from the washing buffer. Mitochondria were resuspended in 0.6 M mannitol, 10 mM Tris-C1, pH 7.4, to give an approximate final concentration of 10 mg of protein/ml.
Isolation of the Mitochondrial Intermembrane Space-A suspension of mitochondria (10-20 mg of protein/ml in 0.6 M mannitol, 10 mM Tris-C1, pH 7.4) was diluted with 5 volumes of 10 mM Tris-C1, pH 7.4, to a final mannitol concentration of 0.1 M. The suspension was stirred very gently on a magnetic stirrer a t 0 "C for 20 min. The "shocked" mitochondria were sedimented a t 20,000 rpm in a Sorvall SS-34 rotor for 20 min. The supernatant contains the contents of the intermembrane space.
Isolation of Matrix and the Inner and Outer Mitochondrial Membrane-Shocked mitochondria (cF above) were resuspended in 10 mM Tris-C1, pH 7.4, to a protein concentration of about 2 mg/ml with 5 strokes in a loose-fitting Dounce homogenizer and left on ice to allow further swelling of the mitochondrial matrix space (11). After 5 min, "shrinking buffer" (one-third of the suspension volume), containing 1.8 M sucrose, 8 mM ATP, 8 mM MgC12, adjusted to pH 7.4 with KOH, was added. The suspension was mixed carefully by 3 strokes in the loose-fitting Dounce homogenizer and left on ice. After 5 min, 20-ml aliquots were exposed to ultrasonic irradiation for 3 X 5 s at 0 OC (Brownsonic, maximal output).
Total mitochondrial membranes were sedimented for 60 min at 35,000 rpm in a Beckman Type 40 rotor a t +2 " C . The supernatant represents the matrix fraction. The mitochondrial membranes were vigorously resuspended in a minimal volume of 10 mM Tris-C1, pH 7.4, and layered on a 34-ml linear 30-5056 sucrose gradient buffered with 10 mM Tris-C1, pH 7.4. Gradient centrifugation was carried out in an SW-27 rotor at 20,000 rpm for 15 h. The small band of outer membrane on top of the gradient and the broad band of the inner membrane near the bottom were collected, diluted 3-fold with 10 mM Tris-C1, pH 7.4, and sedimented for 60 min at 35,000 rpm in a Beckman Type 40 rotor. Outer and inner mitochondrial membranes were resuspended in a minimal volume of 10 mM Tris-C1, pH 7.4.
Assays of Enzymes and Protein-Published procedures were used to assay fumarase (12), aconitase (12), cytochrome bl (13), cytochrome c peroxidase (14), myokinase (ll), cytochrome c oxidase (15) , and kynurenine hydroxylase (4). Protein concentrations were assayed according to Lowry et al. (16) with crystalline bovine serum albumin as the standard.
Immunoreplica Technique-Proteins were transferred from SDSYgels to Millipore nitrocellulose sheets by the method of Towbin et al. (17) . After transfer, the Millipore sheets (about 10 X 15 cm) were incubated for 2 h a t 23 "C with serum buffer and then a t 4 "C overnight with 10-30 p1 of antiserum dissolved in 25 ml of serum buffer. After washing out excess antibody with serum buffer (3 X 25 ml; 30 rnin each a t 23 "C), immune complexes were decorated with "'I-protein A (2 X 10' cpm in 25 m1 of serum buffer; 2.2 X IO"' cpm/ mg of protein A) for 3 h a t 23 "C. After 3 further washes with serum buffer for 30 min each a t 23 "C, the Millipore sheets were dried and radioautographed.
Preparation of Antisera Against Cytochrome ba a n d the 29,000-dalton Protein of the Outer Membrane-A 29,000-dalton protein is the main protein of the mitochondrial outer membrane (18) . This membrane was isolated by the procedure described above and electrophoresed on a semipreparative 12.5% SDS-gel slab (1-2 mg of protein/gel). Proteins were stained with Coomassie brilliant blue and the well resolved main protein band of apparent molecular weight 29,000 was cut out. The protein was reisolated from the gel slices by electroelution. A 5% stacking gel was prepared at the cathode end of an electrophoresis tube and the cathode end was then closed with dialysis tubing. The gel slice with the 29,000-dalton protein to be isolated was layered on top of the stacking gel, the tube was fdled with electrophoresis buffer (19) , and the anode end was closed with glass wool. The tube with the attached dialysis tubing was placed on an electrophoresis apparatus and subjected to electrophoresis a t 4 "C for 48 h a t 30 mA. Under these conditions, the protein migrated into the dialysis tubing. The dialysis tubing was then removed and the sample was dialyzed against double-distilled water for 20 h and against water/ethanol (70:30, v/v) for another 24 h. It was then lyophilized, dissolved in a small volume of phosphate-buffered saline, and stored in aliquots a t -20 "C. The protein isolated by this procedure migrated as a single band on a 12.5% SDS-gel. Samples of cytochrome 62 (kind gifts of Drs. F.
Lederer and B. Matthews, CNRS, Gif-sur-Yvette, France and Washington University, St. Louis, respectively) were subjected to SDSpolyacrylamide gel electrophoresis and reisolated as described for the 29,000-dalton outer membrane protein.
Antibodies against cytochrome bs and the 29,000-dalton protein were raised in pathogen-free male Chinchilla rabbits (2.5 kg in weight)
.' The abbreviations used are: SDS, sodium dodecyl sulfate; phosphate-buffered saline, 0.14 M NaCI, 10 mM Nap,, pH 7.4; serum buffer, 5% newborn calf serum in phosphate-buffered saline.
which had been purchased from Hoechst Co., GFR. For the first injection, 250 pg of the protein antigen was dissolved in 300 pl of phosphate-buffered saline and mixed with 300 pl of Frend's complete adjuvant (Difco). The liquids were mixed with the aid of two connected syringes and injected subcutaneously in 5-6 portions. After 5 weeks, the first bleeding was taken from the ear vein and the animal was boosted intravenously with I00 pg of protein antigen dissolved in 300 pl of Freund's incomplete adjuvant. Three more boosts (100 pg of protein in 300 pl of phosphate-buffered saline, no Freund's adjuvant) were given a t intervals of 10 days and each time approximately 30 ml of blood was collected from the ear vein. Four more boosts (100 pg of protein each in 300 p1 of phosphate-buffered saline) were given in intervals of 20 days.
For the preparation of serum, blood was allowed to clot for 3 h a t room temperature. The clotted blood was triturated with a glass rod and the clot was removed by centrifugation on a Sorvall SS-34 rotor at 10,000 rpm for 10 min at 4 "C. The supernatant was collected and recentrifuged. The serum was stored in 3-ml aliquots at -20 "C.
For terminal bleeding, the rabbits were anesthetized intravenously with Numal, Roche (about 1 &kg), and then given 5 0 0 4 of Liquemine, Roche (5000 units of heparin/ml), intravenously to prevent blood clotting during the bleeding. Blood was taken b. v cutting the carotids and collected in a vessel which contained 500 pI of Liquemine. The blood was centrifuged for 15 min at 10,000 rpm in a Sorvall SS-34 rotor at 4 "C. The supernatant was saved and protamine sulfate (60 mg/100 ml of serum) was added to remove fibrinogen. The sample was mixed carefully and left overnight a t 4 "C. The precipitate was removed by centrifugation in a Sorvall SS-34 rotor a t 12,000 rpm for 10 min at 4 "C. Occasionally, the protamine-treated solution was left once again overnight at 4 "C and recentrifuged as described above. Samples of fibrinogen-free antisera were stored at -20 "C in 3-ml aliquots.
Characterization of Antisera-Antisera were tested by the immunoreplica technique (17). Total mitochondrial proteins (1 mg) were electrophoresed on a SDS-12.5% polyacrylamide gel slab and electrophoretically transferred to a nitrocellulose filter, and excess protein binding sites on the filter were blocked with serum buffer (cf. above). The filter was cut into strips which were then used for the immunological test. Filter strips were incubated with antisera (0.05-10 p1) in 3 ml of serum buffer overnight, decorated with radioiodinated protein A ( IO6 cpm), and autoradiographed. This technique provides a simple and very sensitive method for checking the purity and the titer of antisera.
Miscellaneous-Protein A was obtained from Pharmacia Co. and iodinated by the chloramine-T procedure (20). It was stored a t -30 "C in the presence of 30 mg of bovine serum albumin/mL Zymolyase was from Kirin Brewing Co., Tokyo. All other chemicals were of the highest purity available commercially. SDS-polyacrylamide gel electrophoresis in slab gels was performed according to Ref. 14. The preparation of an antibody against citrate synthase from yeast will be described elsewhere.'"
RESULTS
Selective Release of the Mitochondrial Intermembrane Space-When carefully isolated yeast mitochondria are exposed to media of decreasing tonicity, adenylate kinase (myokinase) is progressively released from the organelles, whereas fumarase and aconitase are not released (Fig. 1) . For example, exposure to 0.1 M mannitol for 20 min at 0 "C released between 90 and 98% of the myokinase, but less than 5% of the fumarase or aconitase. In a variety of mammals, adenylate kinase is a well established marker of the mitochondrial intermembrane space, whereas fumarase and aconitase are markers of the matrix space (11); exposure of yeast mitochondria to 0.1 M mannitol thus selectively solubilizes the intermembrane space contents. The particulate residue probably represents "mitoplasts" with an intact inner membrane since the full activities of aconitase and fumarase can only be measured after disruption of the inner membrane by detergents (not shown).
Cytochrome b2 (measured as L-lactate-ferricyanide reductase) and cytochrome c peroxidase were released in parallel H. Riezman, manuscript in preparation.
with adenylate kinase; this suggests that they, too, aro components of the mitochondrial intermembrane space (Fig. 1) . However, the experiment shown in Fig. 1 still leaves open the possibility that the easily released enzymes are merely loosely bound to the outer surface of the outer membrane. This was excluded by the demonstration that the activities of cytochrome b2 (measured with added cytochrome c as electron acceptor) and of cytochrome c peroxidase in intact mitochondria were very low if care was taken to preserve the integrity 
TABLE I
Cytochrome b2 a n d cytochrome c peroxidase in intact yeast mitochondria are inaccessible to externally added cytochrome c Enzymes were assayed in the presence of 0.6 M mannitol to prevent rupture of the mitochondrial outer membrane during the assay. About 10 p g of mitochondrial protein were used per assay. outlined under "Materials and Methods" and each subfraction was assayed for the indicated enzymes. The ordinate denotes the relative specific enzyme activity, the specific activity in intact mitochondria being taken as 1.0. The abscissa denotes the percentage of mitochondrial protein recovered in each subfraction. Actual recovery ranged from 85 to 103%; for each marker, the actual recovery value was taken as 100% for computing the values listed in the figure. A , matrix; B, inner membrane; C, intermembrane space; D, outer membrane.
of the outer membrane. In contrast, full activity of cytochrome b:! was observed even in intact mitochondria if added ferricyanide was used as electron acceptor (Table I) . Since ferricyanide can readily penetrate across the outer, but not the inner, membrane whereas cytochrome c cannot penetrate across either of the two membranes ( l l ) , cytochrome bz and cytochrome c peroxidase must be located in the mitochondrial intermembrane space. A location of cytochrome bz on the outer face of the outer membrane is also excluded by the observation that an antibody cannot reach the cytochrome bz of intact mitochondria ( Table 11) .
Isolation of Matrix, Inner Membrane, and Outer Membrane-Severe hypotonic shock of the "mitoplasts" followed by ATP-induced shrinking (11) and subsequent sonication solubilized the contents of the matrix space. Inner and outer membrane could then be separated from each other by sucrose density gradient centrifugation (Fig. 2) . To monitor separation, cytochrome c oxidase (1 1) and kynurenine hydroxylase (4) were used as markers for inner and outer membrane, respectively. The results of the fractionation procedure are summarized in the diagrams of Fig. 3 .
Polypeptide Composition and Purity of the Mitochondrial Subfractions- Fig. 4A shows the polypeptide pattern of an aliquot of each subfraction which had been derived from 100 pg of mitochondria. This presentation reveals the absolute distribution, rather than the enrichment, of a given band among the four subfractions. In contrast, Fig. 4B shows the polypeptide pattern of equal amounts (protein basis) of each of the too membranes. The intermembrane space features a prominent band at 57 kilodaltons which was shown to be the apoprotein of cytochrome bz (see also below). In the lactategrown cells used here, cytochrome bz is thus by far the most abundant polypeptide of the intermembrane space and can serve as a useful reference polypeptide for that space. The most prominent component of the outer membrane is a 29-kilodalton polypeptide which has been noted earlier in many different types of mitochondria (18, 21, 22) . It is almost certainly the protein forming the voltage-controlled pores (exclusion limit 5000-6000 daltons) across the mitochondrial outer membrane (23). Since these pores are probably the most characteristic feature of the mitochondrial outer membrane, a monospecific antibody against this polypeptide (see "Materials and Methods") is a powerful tool for identifying outer membranes. The most useful polypeptide marker of the inner membrane is a prominent band of apparent molecular weight 34,000. We have identified it as the adenine nucleotide translocase by immune replication with a specific antiserum (kindly donated by Dr. P. Vignais, Grenoble, France). brane space and matrix. This is also borne out by Table I11 which gives the specific activity of typical marker enzymes for each mitochondrial subfraction (cL Fig. 3 ). On the other hand, measurements of marker enzymes (Table 111) reveal that the membrane fractions are significantly contaminated by other subfractions. Table I11 also lists the yields of each subfraction for a typical experiment.
Cross-contamination of the submitochondrial fractions was also checked by electrophoresing each fraction in an SDSpolyacrylamide gel slab and testing for the presence of typical markers by immune replication. The polypeptides tested for were citrate synthase (matrix), cytochrome c oxidase subunit V (inner membrane), cytochrome b2 (intermembrane space), and the major 29,000-dalton protein of the outer membrane. Although the immune replicas were not rigorously quantified, they essentially confirmed the results obtained by assaying marker enzymes: there was noticeable cross-contamination of the membrane fractions, but only little cross-contamination between matrix and intermembrane space (not shown).
DISCUSSION
This paper describes the isolation and characterization of the two membrane-bound soluble compartments of yeast mitochondria, as well as the two membranes themselves. We have been able to prepare matrix and intermembrane space fractions which are only slightly cross-contaminated by each other. This subfractionation procedure therefore has enabled us to show that cytochrome b? and cytochrome c peroxidase are located in the intermembrane space.
Our present data confirm, and provide a logical explanation for, some early observations by Somlo (25) who had found that mitochondria-bound L-lactate dehydrogenase was less inhibited by its antibody than the soluble enzyme. S o d o also had noted that the mitochondria-bound enzyme could not reduce externally added cytochrome c, whereas it readily reacted with ferricyanide. Since the different permeability properties of the two mitochondrial membranes were then not yet known, Somlo suggested alternate explanations for these phenomena.
Based on the results from either enzyme assays or immunological detection, we observed significant cross-contamination of the two membrane fractions by each other and by the soluble spaces. The outer membrane is approximately 20% contaminated with inner membrane. This contamination can be lowered by a careful fractionation of the linear sucrose gradient, but only at the expense of a lower yield of outer membrane. The inner membrane fraction contains significant amounts of matrix and outer membrane. This problem has also been encountered in previous efforts to subfractionate mammalian mitochondria (11) . Reasons for this contamination are unknown: matrix enzymes may become irreversibly trapped within inner membrane vesicle whereas outer membrane may remain attached to the inner membrane via "membrane junctions" which have been found in mitochondria from different sources (26) .
To what extent are the mitochondria used to prepare these fractions contaminated by nonmitochondrial components? Immunoreplication tests with antiserum against the cytosolic enzyme glyceraldehyde-3-phosphate dehydrogenase indicates that components of the soluble cytosol account for t 5 % of the mitochondrial protein. Contamination by nonmitochondrial membranes is likely, but difficult to estimate accurately because a reliable marker of nonmitochondrial membranes is not yet available for yeast.
A comparison of the four mitochondrial subfractions (Fig.  4) has allowed us to identify three mitochondrial proteins (70, 45, and 14 kilodaltons) which co-fractionate with the 29-kilodalton marker polypeptide and are, thus, apparently components of the outer membrane. 4 The mitochondrial intermembrane space fraction consists mainly of the marker enzyme cytochrome b2 (58 kilodaltons) and two protein bands corresponding roughly to 31 kilodaltons, with 4 or 5 additional minor bands not visible in Fig. 4.4 . The three protein bands corresponding to between 68 and 90 kilodaltons appear to be contaminants from the matrix fraction. 5 While the isolation of subfractions from yeast mitochondria and the identification of protein components of these subfractions is important in itself, the long term objective of this work was to learn more about how cytoplasmically made polypeptides are transported into mitochondria. As described in the accompanying papers, the results reported here have led to several new findings. One of these findings was that isolated mitochondria can transport in uztro-made precursor polypeptides to their correct intramitochondrial location (3, 27). Another finding was that a specific protease processing imported precursors is located in the matrix (28, see also Footnote 6). A particularly intriguing finding was that precursors of the intermembrane space enzymes cytochrome bz and cytochrome c peroxidase are processed to their mature size in two steps, one of them occurring in the matrix (27) . This is one of the reasons why we attempted to establish the intermembrane location of the mature forms of these two cytochromes as rigorously as possible.
Yeast is currently one of the most useful organisms for studying the biogenesis of mitochondria. The availability of defined mitochondrial subfractions from this organism should help to answer some unsolved questions on how mitochondria are made.
